We present the fabrication and characterization of nanopore microcavities for the investigation of transport processes in suspended lipid membranes. The cavities are situated below the surface of silicon-on-insulator (SOI) substrates. Single cavities and large area arrays were prepared using high resolution electron-beam lithography in combination with reactive ion etching (RIE) and wet chemical sacrificial underetching. The locally separated compartments have a circular shape and allow the enclosure of picoliter volume aqueous solutions. They are sealed at their top by a 250 nm thin Si membrane featuring pores with diameters from 2 μm down to 220 nm. The Si surface exhibits excellent smoothness and homogeneity as verified by AFM analysis. As biophysical test system we deposited lipid membranes by vesicle fusion, and demonstrated their fluid-like properties by fluorescence recovery after photobleaching. As clearly indicated by AFM measurements in aqueous buffer solution, intact lipid membranes successfully spanned the pores. The nanopore cavity arrays have potential applications in diagnostics and pharmaceutical research on transmembrane proteins.
Introduction
Semiconductors have been serving as versatile functional materials for the investigation of bio-organic systems and processes, with great potential for application in chemical and bio-sensor devices.
Examples include field effect devices [1] , cantilever based devices [2] , or microfluidic 'labon-chip' systems [3] . In this respect, silicon represents a good compromise between biocompatibility and maturity of semiconductor process technology [4] . Among the many different biochemical systems that are being investigated using such semiconductor based sensor devices, membrane proteins are of growing interest due to their predominant importance in the biochemistry of cellular function, making them the main target for the development of new pharmaceuticals. For their efficient and systematic study highly parallel assays, which 4 Author to whom any correspondence should be addressed. allow working with small available amounts of protein sample at the same time, would be advantageous. A protein chip array platform combined with sensitive detection schemes would be ideal for the investigation of membrane proteins incorporated within an artificial lipid membrane system which is supported by the chip substrate. Silicon substrates have widely served as a solid support for such deposited membranes in the past [5] . To facilitate protein insertion and avoid degradation in proximity to the solid surface either lipids tethered via spacer molecules to the surface have been employed [6] or the membrane has been suspended over pore-like openings in the substrate. Such suspended membranes have been studied on single pores [7] or whole arrays fabricated from, e.g., porous silicon [8] .
In this contribution we present the fabrication and characterization of arrays of individual, spatially confined compartments prepared by three-dimensional micromachining techniques from silicon-on-insulator (SOI) substrates. Various processes for the fabrication of micro-electro-mechanical Figure 1 . Schematics of the SOI nanopore cavity fabrication process (cross-section of one cavity). Hole diameters ranged from 220 nm to 2 μm. The photoresist etch mask is not shown. system (MEMS) devices such as transducers or sensors based on cavity architectures in SOI have been reported before [9] [10] [11] . Here, we used a specific combination of electron-beam lithography, dry and wet selective etching techniques [12] to fabricate compartments of lateral diameters in the range of tens of micrometers, sealed at their top by a 250 nm thin Si membrane featuring pores with diameters from 2 μm down to 220 nm. As demonstrated by confocal laser scanning and atomic force microscopy lipid membranes homogeneously deposited onto these cavity array samples feature excellent fluidic mobility and may form suspended bilayers spanning across the top apertures. The individual addressability of our nanopore cavities suggests applications in diagnostics and pharmaceutical research involving, e.g., the optical and electrical monitoring of transport processes in transmembrane proteins.
Nanopore cavity fabrication

Silicon-on-insulator substrate
As starting material 6 inch silicon-on-insulator (SOI) substrate wafers (SOITEC, France) were used. They consisted of a 3 μm buried oxide layer (BOX) separating the 250 nm thin top silicon layer (boron p-doped, 18 ± 4 cm) from the 500 μm thick bulk silicon substrate, cf figure 1. Samples of size 9×9 mm 2 were cut by wafer sawing for further processing.
Lithography and etching
The pore openings of the top Si layer were patterned by first defining a hole etch mask in 1.5 μm thick photoresist or 220 nm thick PMMA by standard optical lithography, or for holes in the sub μm range by high resolution electronbeam lithography (EBL). Subsequently, as schematically outlined in figure 1 , the pattern was transferred into the Si by an inductively coupled plasma (ICP) enhanced reactive ion-etching process (RIE, Oxford Instruments, UK) using a combination of SF 6 and C 4 F 8 as reactive etch gases. For cavity formation the BOX layer was then etched in 5% diluted hydrofluoric acid (HF) at an etch rate of ∼100 nm min −1 with high selectivity to Si, thereby significantly underetching the top Si layer, see also [12] . An underetching radius of ∼20 μm was achieved after about 3.5 h, resulting in a cavity with an enclosed volume of about 4 pl. For some of the samples the top silicon layer was in part thermally oxidized as a final step (100-200 nm dry silicon dioxide, O 2 atmosphere, 1000
• C, 5-10 h).
Arrays of individual and interconnected cavities
For the characterization of the surface properties of the pore cavities, and the investigation of deposited lipid membranes, large hexagonal arrays were fabricated. In this contribution we present two types of arrays. Type (1) consisted of 10 × 10 cavities, with an intercavity spacing of 50 μm. These cavities having pore diameters of 0.3-2 μm were selectively underetched in such way that they remained as individual, clearly separated compartments, as visible in figure 2(a). For the other type (2) of array used the interpore spacing was 410 nm, with pore openings of diameter 220 nm, and the Si membrane was entirely underetched, thereby merging all individual cavities into one macroscopically large compartment, with several hundred access pores, cf figure 2(b).
Topological characterization
Scanning electron microscopy
Completely processed cavities of different pore size and underetch radius were analyzed using scanning electron microscopy (SEM). Figure 3 (a) shows one cavity with a large opening of ∼7 μm diameter. This large opening allows for a closer inspection of the etched pore boundary. Apparently, the freely suspended Si film exhibits a precisely anisotropic RIE etching profile. The circular shape of the underetched region is clearly visible for all structures prepared by the described process. We assign this clear contrast to differences in the electron back-scattering characteristics for the regions with/without supporting oxide beneath the thin Si membrane. Even for small, single pore openings with sub-μm diameter, a large macroscopic underetching for cavity formation was possible in a remarkably homogeneous manner. Figure 3(b) shows a detail of one sample array with ∼300 nm diameter pores as access holes to identical, exactly circular cavities of diameter ∼20 μm. It is worth noting that during the cavity etching all solution and dissolved material transport had to take place via the single tiny aperture.
Atomic force microscopy
Atomic force microscopy (AFM) imaging was carried out using a Nanoscope IIIa (Digital Instruments). The surface roughness (root-mean-square (rms) value) of unpatterned SOI sample surfaces was of the order of 0.1 nm. This excellent, low roughness value did not significantly increase after RIE etching and subsequent wet etching (rms = 0.1-0.2 nm). After thermal oxidation the measured values slightly increased, however they never exceeded 0.3 nm. Such an extremely smooth surface is a major requirement for the later successful deposition of intact and fluidic lipid membranes. After thermal oxidation the pore edges exhibited a pronounced rounded shape, as visible from figure 4. A deposited lipid membrane will rather follow the shape of an edge without rupturing once this edge features a certain minimum curvature. Larger distance scanning revealed an upward bending of the underetched top silicon layer up to maximum heights at the cavity center of the order of a few 100 nm, depending on the cavity radius, with respect to the surrounding Si plane (figure 4). We assign this bending to the built-in stress during the high temperature SOI substrate fabrication. This stress partially relaxes into a strain deformation after releasing the silicon from the supporting oxide. Thermal oxidation even enhanced this stress within the suspended layer leading to a further increase in bending. However, this up-bending still features a very gradual onset at the outer border of the underetched region such that a deposited lipid membrane should smoothly follow the curvature. Similarly, at the center of the cavity the Si surface appears almost flat on the scale of the pore diameter (see figure 4, right) . Hence, the incorporation of proteins into a freely suspended membrane should not be affected by the upbending either.
Lipid membrane deposition and characterization
Preparation of unilamellar vesicles and fusion on SOI substrate
We used two types of fluorescently labeled unilamellar vesicles for lipid membrane deposition on the prepared SOI cavity arrays. In initial studies of the lipid membrane quality, and its properties on the planar areas of the patterned SOI surface, small unilamellar vesicles (SUV) of diameter ∼100 nm were used.
These SUVs were prepared from a solution of SOPC (1-stearoyl-2-oleoylsn-glycero-3-phosphocholine) containing 1% (mol mol −1 ) OregonGreen (OG) labeled DHPE (1,2-dihexadecanoyl-snglycero-3-phosphoethanolamine) [13] .
SOI cavity chips (type 1) were thermally oxidized (120 nm) to reduce fluorescence quenching in proximity to the silicon surface. The sample surface was made hydrophilic using a standard RCA-SC1 cleaning procedure (NH 4 OH (30%): H 2 O 2 (30%): H 2 O = 1:1:5), and subsequently the chips were incubated for 45 min in the SUV solution. Finally, the samples were thoroughly rinsed in water to remove excess liposomes.
To investigate membrane spanning of nanopores we prepared giant unilamellar vesicles (GUV) with diameters up to 100 μm from 98% SOPC, 2% OG-DHPE by electroswelling with size separation using dialysis through a nylon mesh. The prepared GUVs contained 0.3 M sucrose and a 0.3 M glucose solution was used as outside host medium. Surface rupturing and vesicle fusion was induced by 30 mM CaCl 2 . For these experiments, a pore array of type (2) was chosen. In this array the pores of diameter 220 nm were closely separated (410 nm) which allowed for a better investigation and verification of the local homogeneity of the membrane pore spanning.
Fluorescence recovery after photobleaching
For fluorescence imaging of the lipid membrane coated SOI samples we used a confocal fluorescence laser scanning microscopy setup (LSM 510 from Carl Zeiss, Jena). A detailed image of an array showing seven microcavities is displayed in figure 5 . Clearly, the green labeled lipid membrane has spread, homogeneously covering the entire surface. Randomly distributed, locally brighter spots presumably originate from residual liposomes that were not removed completely after washing, and/or from multilayers. The cavities appear with a brighter center and border ring, which can be assigned to the presence of labeled lipids both inside and outside the cavities: at the cavity borders the etched SiO 2 sidewalls feature a rougher, slanted surface profile giving rise to stronger diffusive stray light. The emitted light from labeled lipids just below the pore opening appears brighter than from the regions with the oxidized Si membrane still present. We relate this observation to the fact that the measured light intensities result from a superposition of the electromagnetic wave amplitudes reflected at the multiple interfaces between Si and SiO 2 . Depending on their layer thickness with respect to the wavelength, this may result in destructive or constructive interference, respectively. However, a full quantitative analysis of these optical effects is beyond the scope of this paper.
To investigate the fluidic properties of the membrane we carried out fluorescence recovery after photobleaching (FRAP) experiments. For this purpose, the scan laser was focused onto the central cavity (0.02 mW μm −2 , 10 s) thereby photobleaching the OG labels in this area completely (figure 5, central picture). Apparently, after an elapsed time of 5 min the fluorescence signal in this exposed area almost completely recovered back to the homogeneous green fluorescence intensity. This successful recovery is a clear indication of an intact lipid layer present on the surface with an excellent lipid molecule lateral mobility being responsible for its fluidlike characteristics. The estimated diffusion coefficients for all FRAP experiments carried out on these samples were in the range 0.1-1 μm 2 s −1 , in good agreement with the typical order of magnitude reported in the literature [14] .
AFM
To verify the capability of our devices to support lipid membranes spanning across cavity pores we prepared giant unilamellar vesicles (GUVs), and fused them onto a 220 nm diameter pore array chip. AFM imaging was done with a Veeco Multimode, Nanoscope IIIa Controller (Digital Instruments/Veeco), 120 μm J-Scanner, in contact mode within a buffer solution using a fluidic chamber. As displayed in figure 6 the vesicles apparently fused into micron-sized, connected lipid membrane patches. A line scan reveals the contrast between free pores, where the AFM tip reached depths down to ∼50 nm, and those spanned by the membrane. For the latter ones the line scan profile shows much less depth at the locations of the pores, only of the order of 10-15 nm. It should be noted that the total height of the membrane covered Si measures about 20-25 nm with respect to the uncovered Si regions, hence exceeding the expected thickness of a unilamellar lipid bilayer (∼5 nm). We assign this discrepancy to the presence of multilayers which possibly originated from many individual smaller size lipid patches, as also discernible in the AFM image, covered by a macroscopically large unilamellar membrane formed by a single GUV. 
Conclusion
In summary, we presented a novel scheme for nanopore cavity arrays as a solid support for lipid membrane systems, fabricated from SOI material by micromachining techniques. Circular cavities with pore openings down to a diameter of 220 nm were prepared, featuring homogeneous underetching with radii up to tens of microns. Built-in stress within the SOI substrate resulted in an upward bending of the underetched top silicon layer up to 900 nm, measured at the pore opening. A surface roughness below 0.3 nm provided favorable conditions for fluidic membrane deposition, as demonstrated by FRAP experiments where diffusion coefficients up to 1 μm 2 s −1 were measured. Pore spanning with lipid bilayers formed by surface fusion of GUVs could be verified by AFM analysis in these first experiments. Future exploration of the system will focus on the incorporation of membrane proteins and the investigation of transport processes. This may include both optical and electrophysiological measurements monitoring such protein mediated transport of ions and/or biomolecules, eventually down to the single molecule level. Local addressing using microfluidic access may lead to a novel chip based platform for the parallel screening of a large number of membrane proteins, e.g., under the influence of different agents, at the same time.
